Abstract: A novel all-fiber low-pedestal spectral compression scheme is proposed and demonstrated. The scheme is based on an anomalously dispersive single-mode fiber (SMF) cascading a nonlinear optical loop mirror with a highly nonlinear fiber (HNLF) in the loop. Both numerical and experimental results show that the spectral pedestal after spectral compression in the HNLF can be efficiently suppressed by the nonlinear optical loop mirror through the chirp-related intensity filtering effect. The measured spectral pedestal energy ratio is 9.59% using the proposed scheme, which is nearly a quarter of that using the conventional alternative based on an anomalously dispersive SMF followed by a feedthrough HNLF.
Introduction
Spectral compression is the key technology in the all-optical quantization process based on power-to-wavelength conversion such as soliton self-frequency shift effect, leading to a resolution improvement of the all-optical analog-to-digital conversion system [1] , [2] . It also has a widely application in the fields of narrow line-width light sources [3] , [12] , optical communication [4] , transform-limited pulse generation [5] , [6] , and pulse amplification [7] , [16] . The basis of the spectral compression is the compensation between the pulse's initial negative chirp and the positive chirp introduced by either the self phase modulation (SPM) effect [5] , [13] or an electrooptic phase modulation [8] . The scheme based on the SPM effect is the most common one due to its advantages such as free of synchronization requirement and integration with a fiber-optic system. It can be realized by propagating an optical pulse either through an anomalously dispersive fiber followed by a high-nonlinear one [9] or through a single anomalously dispersive, high-nonlinear fiber [10] . Unfortunately, the compressed spectrum in the SPM-based scheme is usually accompanied by an undesired pedestal that may account for up to half energy of the output spectrum [11] . The pedestal is the product of the mismatch between the dispersioninduced linear negative chirp and the SPM-induced nonlinear positive chirp distributed at the leading and trailing edge of the optical pulse, is responsible for the uncompressed spectrum part. The spectral side-lobe components in the pedestal can influence and even disable the resolution improvement of the all-optical analog-to-digital conversion system. In [17] , a similar method to ours which employed SPM effect in photonic crystal fiber was used to compress the spectra of amplitude-and phase-shaped parabolic pulse with negative chirp. Low pedestal of compressed spectra near the central wavelength (1036 nm) was obtained in the experiment. However, to the best of our knowledge, few works to date are focused on the spectral pedestal suppression.
In this paper, a novel spectral pedestal suppression scheme using nonlinear optical loop mirror (NOLM) consisting of a high-nonlinear fiber (HNLF), HNLF-NOLM for short, is proposed. The HNLF-NOLM is adopted after a standard single-mode fiber (SSMF) to realize the low-pedestal spectral compression, in which the HNLF achieves the spectral compression and the NOLM architecture realizes the spectral pedestal suppression owing to its chirp-related spectrum pedestal filtering effect. Both numerical and experimental results show that excellent spectral compression and pedestal reduction can be achieved in the HNLF-NOLM scheme, compared with its feedthrough HNLF alternative.
Operation Principle
Neglecting the VOA and EDFA, the configuration of the proposed all-fiber spectral compression scheme is shown in the Fig. 8(a) , which is based on an anomalously dispersive SMF cascading an HNLF-NOLM. The HNLF-NOLM is composed of an HNLF and an optical coupler with a power-coupling ratio of : 1 À ð 6 ¼ 0:5Þ. The spectral compression in nonlinear HNLF is wellunderstood as a process of chirp compensation [5] , [9] , [13] . Pulse is highly negatively-chirped by GVD effect by passing through the SMF (e.g., red line in Fig. 1 ). Then, Chirp induced by SPM in HNLF has a nearly linear positive slope around the center of pulse (e.g., blue line in Fig. 1 ) which can compensate the GVD-induced negative chirp. Central part of spectrum is thus compressed since both the long and short wavelengths are shifted toward the central wavelength.
However, the SPM-induced nonlinear chirp distributed at the leading edge (e.g., T G À 0:5T 0 ) and the trailing edge (e.g., T 9 0:5T 0 ) would lead to the unbalanced chirp compensation, which is the "chief culprit" of pedestal generation. As a result, the spectral pedestal is mainly distributed at the leading and trailing edge of the spectrum and corresponds to low-power chirp-related edges of the pulse in the time domain. Besides, the chirp induced by GVD and SPM are equal to zero at the center of pulse ðT ¼ 0Þ, which means the center in time domain and frequency domain is overlapped and no frequency shift occurs after the pulse propagation in the HNLF-NOLM. Therefore, the spectrum pedestal at the leading and trailing edge of the pulse with a lower power can be filtered out by the NOLM. This process is called the chirp-related spectrum pedestal filtering effect of the NOLM, which is the key to suppress the spectral pedestal after spectral compression.
In order to give a clear view of the pedestal suppression principle, the action of HNLF-NOLM is described in detail as follows. As shown in the Fig. 8 , the input pulse (i.e.,E input ) is split into two counter-propagating pulses (i.e., E clockwise and E anti-clockwise ) by the coupler. E clockwise propagates in the clockwise direction from port 3 to port 4, while E anti-clockwise propagates in the anticlockwise direction from port 4 to port 3, both of which interact with each other through SPM effect during their propagation in the HNLF. Then, the E clockwise reaching port 4 and the E anti-clockwise reaching port 3 can be expressed as
where and L are the nonlinear parameter and the length of the HNLF. When the coupling ratio of the coupler is not equal to 0.5 : 0.5, a part of the pulse energy can be transmitted to port 2, which can be calculated as
where the nonlinear phase shift is
It can be seen from Eqs. (3) and (4) that the leading and trailing edge of the optical pulse, with a lower power (i.e., a smaller nonlinear phase shift) compared with the central part of the optical pulse, can be filtered out by the NOLM. Actually, propagation of ultrashort pulse in HNLF-NOLM is a complex process involving various nonlinear effects, most important of which are SPM, XPM, Raman self-frequency shift and soliton formation. In this paper, the input pulse with sufficient low peak power and subpicosecond duration is employed. And after the propagation in first SMF, pulse width is broadened to several picoseconds. Therefore, various nonlinear effects except SPM can be neglected in the proposed scheme.
Simulation
The schematic experimental setup of the proposed low-pedestal spectral compression scheme based on an SMF cascading an HNLF-NOLM and the alternative based on an SMF followed by a feedthrough HNLF are shown in Fig. 8(a) and (b) , respectively. In the simulation, EDFA, VOA and fiber connection loss are neglected for simplicity. The evolution of the two counter propagating pulses in the HNLF-NOLM is described by the coupled generalized nonlinear Schrödinger (GNLS) equations, while the propagation of a single optical pulse in a fiber is described by the GNLS equation [14] . Both GNLS and coupled GNLS equations are solved by using the splitstep Fourier method [14] to simulate the proposed SMF+HNLF-NOLM scheme and the SMF+ feedthrough HNLF one. In the simulation, a chirp-free hyperbolic-secant pulse, with a central wavelength of 1560 nm, a duration of 300 fs (FWHM) and a peak power of 6.2 W, is used as the input of the SMF. The SMF is with a length of 20 m and a GVD value of 16.1 ps/nm/km. The HNLF-NOLM is composed of a coupler with coupling ratio of 60/40 and an HNLF whose nonlinear coefficient, dispersion coefficient, loss coefficient and length are 27 W À1 km À1 , 2.1 ps/nm/km, 0.939 dB/km and 1000 m, respectively. The HNLF adopted in the HNLF-NOLM is also used in the SMF+feedthrough HNLF scheme. It should be noted here that different initial shaping and chirp may affect the spectrum and pulse evolution in the HNLF-NOLM and therefore lead to totally different results. In order to keep consistent with the experimental setup, the chirp-free hyperbolic-secant pulse is selected as the input in the simulation.
Three parameters are used to evaluate the spectral compression performance, i.e., spectral compression ratio (SCR), defined as the ratio of the input to the output spectral width (FWHM); spectral pedestal ratio (SPR), defined as the ratio of the pedestal energy to the whole spectrum; and side lobe suppression ratio (SLSR), defined as the ratio of spectral peak level to side lobe level.
The calculated spectra evolution for the two-stage scheme is presented in Fig. 2(a) . As a comparison, Fig. 3(a) shows the calculated spectra of the input and output pulses for the feedthrough HNLF scheme. In Fig. 2(a) , the spectrum after pulse propagation in SMF keeps unchanged. After the propagation of clockwise (CW) and counterclockwise (CCW) pulse in the HNLF-NOLM, the respective spectra have been compressed sharply but huge pedestal are generated simultaneously. However, after transmitted in the coupler of the HNLF-NOLM, the majority of spectral pedestal is removed and the low-pedestal and well-compressed spectrum is obtained at the port2 of the HNLF-NOLM. Compared with the simulation results of the feedthrough HNLF scheme in Fig. 3(a) , it can be seen that there is little difference in SCR for both schemes. However, the SPR of the HNLF-NOLM is only 10.31%, much smaller than that of the feedthrough HNLF scheme (49.2%). Similarly, the SLSR is drastically increased from 4.4 to 15.35.
The pulse evolution of the HNLF-NOLM scheme is illustrated in Fig. 2(b) . The dashed red line and blue line in the left inset of Fig. 2(b) present the chirp after pulse propagation in the SMF and HNLF-NOLM, respectively. The pulse broadens from 0.3 ps to 1.8 ps as the spectrum is compressed. The calculated output pulse's TBP (time-bandwidth product) is 0.356 which is close to the transform-limited value (0.315) of hyperbolic-secant pulse. It means that the output pulse is nearly chirp-free and the linear negative chirp induced in the SMF has been compensated by the positive chirp induced by the SPM in the HNLF-NOLM. For comparison, Fig. 3(b)   Fig. 2 . Calculated (a) spectra evolution and (b) pulse evolution for the HNLF-NOLM scheme. shows the pulse evolution of the feedthrough HNLF scheme. The chirp compensation is exhibited in the left inset of Fig. 3(b) . It can be seen that a nonlinear compensated chirp distributes around the center of the pulse and an insufficient compensation at the leading and trail edge of the pulse, which is the origin of the pedestal shown in Fig. 3(a) .
Optimization of System Parameters
Based on simulation, four factors (length of SMF, length of HNLF, nonlinear coefficient of HNLF and coupler ratio), which would influence system parameters (SCR, SPR, and SLSR) of the SMF+HNLF-NOLM scheme, are also analyzed. Fig. 4 shows the output spectrum, SCR, SPR and SLSR of the SMF+HNLF-NOLM scheme with different SMF lengths. The results imply that the SMF with a shorter or longer length may result in the degradation of three parameters. Consequently, there is an optimum SMF length to obtain the best spectral compression performance (e.g., 20 m in this paper).
The output spectrum, SCR, SPR and SLSR of the SMF+HNLF-NOLM scheme with different HNLF lengths is shown in Fig. 5 . The calculated results indicate that a longer HNLF (e.g., Length 9 800 m) may lead to a more efficient spectral compression and a better pedestal suppression but a decreased SLSR. Moreover, when the fiber length exceeds a certain value (e.g., Length 9 1500 m), SCR would saturate and SPR degrade due to the pulse peak power reduction caused by the pulse broadening.
The output spectrum, SCR, SPR and SLSR of the SMF+HNLF-NOLM scheme when the HNLF is with different nonlinear coefficients is given in Fig. 6 . The results show that there is an optimal nonlinear coefficient to achieve minimum SPR, maximum SLSR and a high enough SCR (e.g., 27 W À1 km À1 in this paper). The fast rise of SPR and the rapid fall of SLSR with increasing nonlinear coefficient are due to the overcompensation of nonlinear positive chirp induced by SPM in HNLF-NOLM. The oversize nonlinear coefficient would intensify the SPM effect in HNLF-NOLM, which introduce a larger nonlinear positive chirp and induce much spectral side-lobe components at the leading and trail edge of the spectrum shown in Fig. 6(a) . Fig. 7 exhibits the output spectrum, SCR, SPR, and SLSR of the SMF+HNLF-NOLM scheme when the coupler is with different coupling ratios. It can be found that the SCR almost keep unchanged but other two parameters simultaneously degrade with the increase of the coupler ratio. A smaller coupler ratio (e.g., 0.52-0.56 in this paper) is suggested therefore.
It can be concluded that the essence of the HNLF-NOLM scheme is the matched compensation between SPM-induced positive chirp and GVD-induced negative chirp, which means the chirp around the central wavelength is equal to zero after the compensation, resulting in the best spectral compression and pedestal reduction performance. Insufficient compensation may remain a residual GVD-induced linear negative chirp, which cause a poor spectral compression. Conversely, overcompensation would introduce an excessive nonlinear chirp which normally results in a big pedestal and a high side-lobe level. We can draw a conclusion that complete chirp compensation would result in the best spectral compression and pedestal reduction performance.
Experiments
In the experiment shown in the Fig. 8 , the input hyperbolic-secant pulse is generated by a passively mode-locked Er-doped fiber laser source, with a central wavelength of 1567.2 nm, a peak power of 6.2 W, a spectral width of 6.2 nm (FWHM) and a repetition rate of 50 MHz, respectively. A variable mechanical optical attenuator (VOA) is used to reduce the power of the pulse injected into the SMF, eliminating the nonlinear effect during the pulse propagation in the SMF. After its propagation in a 20 m-SMF with a GVD value of 16.1 ps/nm/km, the pulse is amplified by an erbium-doped fiber amplifier (Amonics AEDFA 1L-23-8-FA) to obtain balanced chirp compensation by controlling the power of pulse inputted to the HNLF-NOLM. The HNLF-NOLM is composed of a fiber-optic coupler with a coupling ratio of 60/40, and an HNLF whose nonlinear coefficient, dispersion coefficient, loss coefficient and length are 27 W À1 km À1 , 2.1 ps/nm/km, 0.939 dB/km and 1000 m, respectively. The output pulse spectrum from port 2 is measured by an optical spectrum analyzer (OSA, Yokogawa AQ6370C).
The measured spectra of the input and output pulses using both schemes are presented in Fig. 9(a) and (b) , respectively. As shown in Fig. 9(a) , the SPR is reduced to 9.59%, which is nearly a quarter of that using the conventional feedthrough HNLF scheme (36.04% shown in Fig. 9(b) ). The SLSR is also drastically increased from 5.22 to 15.95, effectively suppressing the side-lobe level from À7.18 dB to À12.03 dB. It can be concluded that the experimental results agree well with the numerical ones, demonstrating that excellent spectral pedestal suppression can be achieved in the SMF+HNLF-NOLM scheme. It should be pointed out that the spectral peaks around 1580 nm and 1555 nm are the Kerr sideband of the home-made passively modelocked Er-doped fiber laser source, which can not be accounted as spectral pedestal.
VI. Conclusion
In summary, a novel spectral compression and pedestal suppression scheme based on NOLM architecture, which employs an HNLF in the loop, is proposed and demonstrated. The chirp-related spectrum pedestal filtering effect of the NOLM is firstly used to suppress the pedestal after spectral compression. Both numerical and experimental results show that the spectral pedestal can be efficiently suppressed by the NOLM architecture. The measured SPR is 9.59% in the proposed HNLF-NOLM scheme, which is nearly a quarter of that in the feedthrough HNLF alternative. The factors which influence the compression performance are also analyzed by numerical simulation to optimize the system design. The residual pedestal in the simulation and experiment can be further suppressed by the concatenation of SMF and HNLF-NOLM. The proposed low pedestal spectral compression scheme is especially favorable for improving the quantization resolution in the all-optical analog-to-digital conversion system that utilizes a power-to-wavelength conversion quantizing process.
